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TRIBUTARY ANALYSIS MONITORING SYSTEM 

Claim of Benefit of Provi sional Anplication 

Pursuant to 35 U.S.C. § 1 19, the benefit of priority from provisional application U.S. 
Serial Number 60/41 1,012, with a filing date of September 30, 2002, is claimed for this non- 
provisional application. 

Origin of the Invention 

This invention was jointly made by employees of the United States Government and a 
contract employee during the performance of work under a NASA contract which is subject to 
the provisions of Public Law 95-517 (35 USC 202) in which the contractor has elected not to 
retain title and may be manufactured and used by or for the government for governmental 
purposes without the payment of royalties thereon or therefor. 

Background of the Invention 

Field of the Invention 

This invention relates to automated and autonomous monitoring systems. More specifically, 
the invention is an automated and autonomous monitoring system that i) performs data collection 
and analysis thereof at various data collection nodes onboard each vehicle in a fleet, ii) passes 
analysis results up to an onboard vehicle terminal and then on to a fleet-wide terminal for further 
analysis processing, and iii) notifies interested parties of problems with individual vehicles and 
fleet-wide problems (e.g., related to vehicle usage, maintenance, performance, damage or 
degradation) indicated by the analysis results. 
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DescriDtiop "f the Related Art 

Monitoring the performance of mechanical or structural systems is increasingly being 
accomplished with automated systems that collect performance data and present same to a user for 
analysis. The collected performance data can be related to system usage, maintenance, damage or 
degradation. Data collection typically requires specifically-designed data sensing and collectmg 
hardware that must be integrated into the particular system being monitored. As a result, there is a 
great deal of time and expense associated with such application specific designs. Data presentation 
can come in the form of "data versus time" or "data versus other key parameter variation" plots, 
alarm notifications when a particular monitored sub-system's upper or lower threshold is reached, 
and/or large blocks of raw sensor data which must be collected, stored and analyzed at some later 
time However, the value of such presentation is limited. While notification alarms present a form 
of real-time data analysis, the alarm generally relates to an individual sub-system's performance 
without considering how this might be indicative of a broader system problem. On the other hand, 
if data is presented in the form of blocks of data or plots of data, analysis thereof must take place 
"offline" at some point later in time. Furthermore, such analysis is performed manually, thereby 

requiring personnel to do so. 

The above-described problems associated with current performance monitoring systems are 
further exacerbated when the performance of a number of similar systems is to be monitored. For 
example, it would be desirable to monitor fleets of vehicles (e.g., aircrafts, ground vehicles, 
underwater vehicles, etc.) that utilize identical or similar sub-systems in order to determine if there 
is a fleet-wide problem. However, using current technology, data from individual vehicles in the 
flee t would have to be collected and then analyzed for problematic trends. Such analysis may be 
too little or too late to prevent a catastrophic system failure. 
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Siimmarv of the Invention 

Accordingly, it is an object of the present invention to provide an architecture for 
autonomously monitoring a group of identical or similar systems such as a fleet of vehicles. 

Another object of the present invention is to provide a monitoring system that can be 
adapted to work with a variety of systems to be monitored. 

Yet another object of the present invention is to provide a monitoring system that can collect 
and analyze performance data related to each vehicle in a fleet of such vehicles in order to provide 
an indication of possible fleet-wide problems, and then automatically notify interested parties of 
such fleet-wide problems as well as any problems with individual vehicles. 

Other objects and advantages of the present invention will become more obvious heremafter 

in the specification and drawings. 

In accordance with the present invention, a monitoring system for a fleet of vehicles 
includes at least one data acquisition and analysis module (DAAM) mounted on each vehicle in the 
fleet Each DAAM i) collects data indicative of measurable attributes of the vehicle, ii) analyzes the 
data to generate analysis results that identify the state of a plurality of systems of the vehicle based 
on the measurable attributes, and iii) transmits at least a portion of the analysis results. A control 
module is mounted on each vehicle and is in communication with each DAAM mounted on the 
vehicle The control module i) collects the analysis results transmitted from each DAAM, n) 
analyzes the analysis results so-collected to generate vehicle status results that identify potential 
sources of vehicle anomalies based on the state of the plurality of systems, and iii) transmits the 
analysis results so-collected and at least a portion of the vehicle status results. A terminal module, 
locatedremotelywithrespecttothevelncle,ismcommumcationwim The 
terminal module i) collects the analysis results and vehicle status results transmitted from each 
control module from the fleet of vehicles, ii) analyzes the analysis results and vehicle status results 
for the fleet of vehicles to generate fleet results that identify multiple occurrences of vehicle 
anomalies and multiple occurrences of those vehicle systems operating at a performance level that is 
unacceptable, and iii) transmits the fleet and individual vehicle results for use by a plurality of 
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manufacturingofme vehicles ir,<he flee, as we« as t hep,maU.yofsys«emsusedtn,heflee, 

Rripf nescrip *'"" " f fhp drawings 

FIG. 1 isa.op.evelsehema.ievievvofanembotoen.ofa.ribu.ao.^ysismon.tonng 

svstem in accordance with the present invention; 

FIG. 2 is a schematic view of a data acquisition and analysis modn!e of the fi.bu.ary artaiysrs 

m ° m, ° na ^schematic view of a con.ro, and anatysis module of tire fiibmary analysts 

^^^•^^^^^ 
logic expert system development tool of the present invention; 

L 6A-6D are graphic deletions of exemp,ary hngnistic viable pa.ametenzed fl^y 
m embership functions for the antecedents and consciences in dre decision rule matrix example to 

^ m 7 is a flowchart of the process nsed to tune the design vector of parameters defined by 
) the parameterized fuzzy membership functions. 

VrU \\oA TWrHption of the Invention 

Refernngnowtomedmwmgs.andmoreparticularlyroFIG.l.anemhc^hnentofa 
5 tributary analysis monitoring system in accoma.ce with me present invention is shown and 

vehicles, etc.) where each vehicle in the flee, is similar or neariy identical in deargn and 
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construction, although vehicle parts and sub-systems may originate from different vendors. 

Although vehicle fleet monitoring is provided as an example, the invention is not limited thereto. It 

can also be applied to the monitoring of other systems such as manufacturing plants, structures, 

including buildings and bridges, and patients under medical care. 

Monitoring system 10 will first be described in terms of a general overview with the aid of 

FIG 1 There are three operation^^^^ 

m amtamedonboarde^ 

from each of vehicles 12. 

At the first level, eaeh vehiele 12 has one or more data acquisition and analysis modules 14 
(or DAAMs as they will be referred to hereinafter) located through vehicle 12. Each of the DAAMs 
,4 collects data in its locale onboard vehicle 12 for a variety of measurable physical arinbutes (e.g., 
sound, temperature, acceleration, vtbration, stress, .oads, pressure, etc.). The various aftnbu.es are 
sensed in and around sub-systems of vehicle 12 and serve as indicator, of, for example, usage, 
maintenance, performance or degradation thereof, damage, etc., related to particular sub-systems. 
As used herein, the term "sub-system" tncludes, but is no. limited to, stroctural components or 
portions of tine vehicle, mechanical systems, electrical systems, hydraulic systems, and pneumatic 
systems The collected da.a is analyzed locally a. each of DAAMs 14 with the results of me 
analysis (e.g., sub-system performance, integrity, damage or degradation) being fonvarded to an 
onboard command control and analysis module (CCAM) 16. Note that the term "ana.ysis results" 
usedherein can indicate both acceptable and unacceptable leve.s of system usage, maintenance 
and/or performance. 

The forwarding of the analysis results related to the vehicle's sub-sterns can be 
accomplishedby hard-wire coupling between each DAAM ,4a„dCCAM 16. However, for ease 
ofinstallation and maintenance, communication be^een each DAAM 14andCCAM 16can occur 
; in a wireless fashion (e.g., using radio, microwave or infrared frequencies). For example, tn terms 
of aircrafts, communication can be cnrried out at a radio frequency of 433 MHz ,0 avoid confhc. 
with other onboard communication or navigation systems. 

CCAM 16 defines the second operational level of monitoring system 10 where the first 
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level's analysis results from each DAAM 14 are analyzed in relation to one another to identify 
potential sources of anomalies on vehicle 12. That is, performance and "health" (i.e., the extent to 
which a system is not degraded or damaged) of individual sub-systems are analyzed collectively in 
order to determine locations on the vehicle where sub-system degradation is occurring. The 
identification of any such sub-system degradation, improper usage, improper maintenance or other 
vehicle anomaly source, as well as the analysis results collected from a vehicle's DAAM 14, are 
forwarded to a remotely-located terminal collection and analysis module (TCAM) 18 that defines 
the third operational level of monitoring system 10. This process is repeated for each of vehicles 12 
in the fleet. The forwarding of information from each CCAM 16 to TCAM 18 will typically occur 
in a wireless fashion (e.g., using RF, infrared, or any other medium for wireless communication). 

TCAM 18 analyzes the information collected from each CCAM 16 in order to identify any 
sub-system problems or source of vehicle anomalies that occur for multiple ones of vehicles 12. 
Thus, TCAM 18 evaluates the above-described first and second operational level analyses to 
determine if there are any situations or sub-systems that require further attention on either an 
individual vehicle or fleet-wide basis. Note that the number of occurrences signaling the need for 
further attention can vary depending on the importance of a particular sub-system or source of 
vehicle anomaly. 

The results of the analysis performed by TCAM 18 are transmitted to interested 
organizations, such as those involved with manufacturing functions 100 (e.g., sub-system vendors 
and their factories, factories for the assembly of the vehicles, etc.), operations functions 101 and/or 
maintenance functions 102 of vehicles 12. Such transmissions can occur autonomously via 
processing control systems internal to TCAM 18. Since analysis of the data collected from 
individual vehicles has already been performed, functions 100, 101 and/or 102 receive information 
on which they can act immediately. The transmission of fleet results can occur, for example, via 
wireless communication links, via e-mail, via file transfer protocols, etc. The choice of one or more 
transmission media is not a limitation of the present invention. 

Should there be only one vehicle, TCAM 18 can be eliminated and the identification of any 
such sub-system degradation, improper usage, improper maintenance or other vehicle anomaly 
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source, as well as the analysis results collected from the vehicle's DAAM 14, can be transmitted 
directly to interested organizations. 

Referring additionally now to FIG. 2, an embodiment of one DAAM 14 is shown in 
schematic form. DAAM 14 includes a programmable digital interface 140 for sampling data from a 
plurality of sensors 141, each of which is mounted on vehicle 12 to measure some attribute at a 
particular location on vehicle 12. Sensors 141 can be pre-existing sensors (i.e., not part ofDAAM 
14) mounted on vehicle 12 and physically connected (e.g., by wire or flex circuits) to DAAM 14, or 
sensors 141 can be included as part ofDAAM 14. Programmable digital interface 140 can be any 

.-configurable device (e.g., programmable logic device, field programmable gate array, etc.) that 
„ configurable with specifications typically contained in a user-supplied file. Programmable digdal 
interface 140 is capable of sampling data collected by sensors 141 in accordance with user-supphed 
sampling requirements 142 (e.g., sampling rate, duration, start/stop time, etc.) that can be specified 
for each sensor 141 . The number of sensors sampled by each DAAM is controlled by 
programmable digital interface 140. Sampling requirements 142 can be supplied and changed via 
instmctionsreceivedtluoughaconm.unicationmoduleHS. Such instructions can originate at the 
vehicle's CCAM 16, or could be relayed by CCAM 16 if they originate from the monitoring 
system's TCAM 18. Additionally or alternatively, sampling requirements 142 could be supplied 
directly to programmable digital interface 140 by means of a hardwire (serial) line (not shown). 

The digital data samples collected by programmable digital interface 140 are supplied to a 
processor 144 that performs the first level analysis thereof. In general, the first level analysis 
involves comparing the various measured attributes with known acceptable performance levels, and 
then evaluating the meaning of such comparisons when one or more of the measured attributes 
indicates an unacceptable performance level. Comparisons can be based on, for example, amplitude 
or frequency characteristics of data, quantitative reduction algorithms which are well know to those 
skilled in the art, or subjective analysis using fuzzy logic. 

To accomplish this, processor 144 is supplied with baseline data 145 (e.g., envelopes and/or 
profiles associated with the measurable attributes) indicative of acceptable/unacceptable levels for 
the individually-measured attributes as well as interpretations of what unacceptable levels of 
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known performs metrics, ii) a neura. network trained ,o establish performance memos and 
patterns thereof when the vehiele is known to be operating properly, or iii) a eombtnatton of 
memory storage and neural network devices. 

Analysis perfotmed by processor 144 can utilize an expert system to incorporate both 
snbjeetive hnman reasoning and other analysis algoritinns to identify the state of canons sub- 
systems (e.g., structures, meohaniea! devices, electrical devices, etc.) of the vehicle. In some 
instances, a single measured attribute may serve as tire means for evaluating tire state of a sub- 
system For such cases, simple comparisons with baseline data .45 will identify tire state of the 
sub-system. However, it is more common that various levels of performance or a number of 
nreasured atiribntes must be evaluated collectively to accurately evaluate the state of a sub-system, 
to these eases, processor .44 must be able to weigh the significance of toe relevant measured 
attributes in relation to one another. Thus, processor 144 will incorporate an expert system such as 
a fuzzy logic-based expert system. As is known in the art, mzzy expert systems apply mferenee 
logic based on subjective reasoning and quantitative analysis. Fuzzy logic is used to emulate 
predicate reasoning (i.e„ if "A" then »B») for many combinations of antecedents -A- which are used 
to form a consequence <V. Fuzzy logic can also emulate human qualitative reasomng wtth the 
capability of incorporating multiple qualitative objectives. 

Analysis results in terms of the state of sub-systems of vehicle 12 can be archived usmg a 
m emoty 146 and can be transmitted to the vehicle's CC AM 16 as indicated by two-headed arrow 
147 Since only analysis results are transmitted from commumcations module 143 (as opposed to 
large amountsofraw sensor date collected by programmable digital interface 140), telemetry 
congestion between DAAMs 14 and CCAM 16 is essentially non-existent. Furthermore, it may not 
be necessary to tt^smi. all analysis results. For example, if one or more sub-systems are worktng 
; correctly, it may only be necessary to tinnsmi, ana,ysis results related thereto on a periodic basts as 
ameansofindicatingproperoperationofDAAM14. 

To conserve power, DAAM 14 can also include a power management module 148 coupled 
mcommunicationsmodule ,43. Power management module ,48 cycles power to commumcahons 
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modu,e 143 in an "on-ofT ■ fashion. During the -power on" times, communications module 143 
performs its franscetver nrnetion, Power is supplied to communications mc«iu.e .43 as long as 
needed for the enrren. transceiving operations to be eomp.eted. However, if no signals are 
bro adcast or received within a short time (e.g., 2 milliseconds) after the "power on" condttton . 
; initiated, power management modu.e 14S nuns off me power for a specified period (e.g., 2 seconds, 

before turning the power on again. 

R e t elgadditiona,l y now,oFlG.3,anemhommentofavehie,e,CCAM,6,ss h ovmm 

hematic form. As mentioned ahove, CCAM .6 provides command and contro, 

each DAAM 14 as we,, as performs me second .evel of analysis for monitonng system .0. CCAM 

vehide (as indicated hy tivo-hended arrow ,61) and for communication w„h me flee, s TCAM 
(asindicatedbyiwo-headedaraow ,62). Transmissions to each DAAM 14 can include power 
on/power off control, sampling reouiremen.s ,42, requests for analysts resufts, querres relaled 
DAAM Slatus, etc., while transmissions co„ec,ed ftom each DAAM ,4 can indude t tiae afi*e- 
5 descrihedanalysisresu^s^ssignalsftomeachDAAM 14,e,c. Transmissions to TCAM 18 can 
' include analysis resufts ftom me vehicle, DAAMs ,4, vehicle level anafysis resufts generated hy 
CCAM 16 (to be described below), status signds from CCAM 16, etc., whi,e fransmisaions 
received from TCAM 18 can include roquets for processing resufts, operationa, insftuction npda.es, 

20 CtC ' ft, .erms of andysis results cofteeted ftom me vehicle, DAAMs 14, CCAM .6 indudes a 
processor ,63 for performing the second .eve, of ana,ysis for monitoring system la One goal of 
andysis perfomred a, a vehicle's CCAM level is ,0 de,ermine if any ana,ysU derived from one 

there may be a spatial distribution of anomalies observed by multiple DAAMs that is indicative of a 

multiple DAAMs onboard a vehicle. 

As in the firs, level of analysts, processor 163 utilizes an expert system such as a firzzy 
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second level of analysis, CCAM 16 evaluates the state of the sub-systems determined and 
transmitted by each DAAM 14 with the goal of such evaluation being to identify potential sources 
of vehicle problems (e.g., in terms of component damage and/or performance degradation) based on 
the state of vehicle sub-systems. That is, processor 163 applies inference logic based on velucle 
sub-system states. For example, such inference logic might take the form of "If sub-system X is in 
state A and sub-system Y is in state B, then vehicle problem Z may be C." It is to be understood 
that the inference logicmay evaluate more or less than two sub-systems. Further, sub-system states 
from different DAAMs 14 can be evaluated at processor 163. In essence, this allows CCAM 16 to 
evaluate overall vehicle health as known relationships between sub-systems are taken into account 

by the fuzzy inference logic. 

The results generated by processor 163 (referred to herein as "vehicle status results" which 
are indicative of a fusion of the sub-system analysis results from the vehicle's DAAMs 14), as well 
as the analysis results from each of DAAMs 14, are forwarded to communication module 160 for 
transmissions as signals 162 to TCAM 1 8. Such transmissions can occur autonomously or when 
requested by TCAM 1 8. For example, in the case of vehicles traveling great distances such as 
aircraft TCAM 18 may be located at one or more airports. Each TCAM 18 can continually 
transmit query signals which would be answered by aircraft in the fleet when those aircraft are on 
the ground at the respective airport. Conversely, if the fleet of vehicles are maintained in relatively 
close proximity, transmissions to TCAM 1 8 can be scheduled to take place automatically either as 
problems are identified or on a periodic basis. As with the first level analysis results, it may be 
desirable to periodically send vehicle status results that indicate no problems as a means to verify 
the operational integrity of monitoring system 10. Vehicle status results can also be archived using 
a memory 165. 

A user interface 166 can be provided to allow a user onboard the vehicle to control functions 
of a selected DAAM 14, control data downloads from DAAMs 14 or uploads from TCAM 18, 
control retrievals from or erasures of memory 165, etc. Realization of user interface 166 can take the 
formofapersonalcomputer,apersonaldataassistant,adedicatedke^ 

is not a limitation of the present invention. 
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Referring additionally now to FIG. 4, an embodiment of a fleet-wide TCAM 18 is shown in 
schematie form. As mentioned above, TCAM 18 provides the third level of analysis for monrtonng 
system 10 in order to identify fleet-wide probers and transnu. identified of sneh prob.ems to 
relevant organizations. TCAM 18 includes a communication module 180 for communication with 
eachoftheveMcle'sCCAMldfasindicatedbyrwo-headedanowiSOandforcommunicutronof 

the fleet results to relevant organizations (as indicated by arrow 1 82). Transmissions ,o each 
CCAM 16 can include requests for results and operational programming changes for each vehrc.e s 

CCAM 16 and/or DAAMs 14. 

Each vehicle's (sub-system) analysis results (generated at DAAMs 14 and passed through 
CCAM 1 6) and vehicle status results (generated at CCAM 16) are provided to a processor 1 83 for 
performance of the third level of analysis in the present invention. As with each of the firs, and 
second levels, processor 183 utilizes an expert system such as a fitzzy logic-baaed expert system. 
This third level of analysis is performed for all vehicles in the fleet reporting to TCAM 18. For 
example, such inference logic might take tire form of "If sub-system X is in state A for R vehicles, 
then notify vendor D that its sub-system may be problematic." ft is to be understood mat several 
sub-systems can be imbedded in an htference logic statement. In general, the third level of analysts 
in the present invention "looks" for clusters of similar results as an indication that these may be 
indicative of a problematic sub-system in each vehicle in tire fleet. If such clusters exist in the M, 
te expert system also detemtines which of manufacturing functions 100, operations fianchons 101 
and/or maintenance functions 102 should be notified. 

The fleet results generated by processor 183 (as well as the results from vehicle's DAAMs 
,4 and CCAM 16) are transmitted by communications module 180 to one or more of manufacturing 
tactions 100, operations fi.nc.ions 101 and maintenance Auctions 102. Flee, results can also be 
archived using a memory 1 84. TCAM 1 8 can be controlled via user interface 185. 

Each analysis level of monitoring system 10 can utilize a fuzzy logic-based expert sys.em. 
The advantages associated with using fuzzy logic expert systems include: i) 
insolation/extrapolation with fewe^^ . 
robusmess, and iii) titeir ability to produce good results in cases where mathematical desenphons of 
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the systems being - no, avail* or am of questionable Men,, However, to date, one 

mus , be knowledgeable in fuzzy .ogie in order ,o design an expert system based .hereon. 

The present invention alleviates tins problem by providing a fuzzy .ogie exper, system 

tool a 1 ,owsuse,,odeve,opa to ylogicexpert S ys,embymere 1 yprov i dingti,e f onow,ng,otbe 

processor onboard each DAAM, CCAM or TCAM: 

i) sets of anteeedent-consequence decision ndes of me fomr "If A is S and if B isM andC ,s 
L, hen D is L", where A, B,C and Dare linguistic variables; 

») sets of numerioa, values for each of ,he hngu,s<ic variab.es (i.e., numerical values for the 
As B's C's and D's associated with each rule); and 

hi, tower and upper limits for the numerical vah.es associated with each linguistic variable. 
Eachuser-supplieddecisionnrleisofnteformofasingleantecedentandsmgle 

consequence or a union of multiple antecedents and a single consequence. For examp.e, the form of 

antecedent (i.e., antecedents combined using the "or" conjunction) such as If A is S or f B M, 
then D is L," die rule is reduced to a collection ofm.es with single antecedents and snrgle 
consenuencesnchas-IfAisS.thenDisL-and-IfBisM.thenDisL." 

By way of iUnstrative example, nine decision rules are shown in a matrix form tn FIG 5 
wh ere a column is provided for each linguistic variab.e (e.g., a column for each of A B, C and D m 
, fcoaae). The first three columns are antecedents and the last column is the consequence. The 

Bhasftzzy.ermseUSandLJ.Eachnawofthematrixisauniquedec.sronrule. 

As mentioned above, the user is also required ,0 supply a table of desired nnmenca values 

5 of nnmenca. values is required for each decision rule. However, providing multiple sets of 
nnmerica. values for each decision rule wifi result in better timing of the expert system. 

m accordance with the present invention's fuzzy expert system development too., .he 
decision rule mafri* is used to confignm fhe fczzy expert system. Firs., fire number of linguistic 
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variables and .he number of fuzzy term sets for each linguistic variable are au.omarica.ly 

permutations of a., eombinarions of antecedents and consequences are used .o idenrify poss, le 

.he fuzzy membership functions for all .erm sets bebngmg to a respeerive .inguisrie vartable. 
More specifically, the deve.opmen. tool automatically develops parameter^ fuzzy 

m embership dis.ribu«io„ such as ritangular, rec.angu.ar, monolonic, bell-shaped, Uapezo,« etc). 
For example, parameterized firzzy membership functions for me four finguistie vanab.es A B C 
m d D (shown in fire FIG. 5 decision rule matnx) are shown in FIG, 6A-6D, respecrive.y. In tire 

of the otirer afore-mentioneti membership distributions can be used. In each of FIGs. 6A-6D, 
firs, and las. se.s are defined as having membershrp grades of 1 .0 a. .he mhrimum and maxtmum 
support limits, respectively. Thus, rivo parsers are used ,o define membership disrirburions of 
to firs, and las, sets. The a, are used to define the base abscissa where me membershtp gxadets 
0 0 and me firsts abscrssa where me membership grade is . .0. Intermediate sets (e.g., sc. M) are 

th e apex for all such intemtetiiate se«s. Thus, .he linguistic variables and associate* parameters for 
, tire decision rule matrix example in FIG. 5 are given as follows: 

A: ai,a 2 , a 3 anda 4 
B: a 5 , a 6 , a 7 and a 8 
C: a,, a,o, On, an, oo, om end a, 5 

D: ai6, an, aig and cti 9 
Membership^desrangefiomO^on-membershirttol^completememberahip). 

Mimmum and maximum supports determine the range of va!ues for which the linguistic vanab.es 
„ vahd. AD luzzy sets for a respective hnguistic vanab,e can on,y be defined witinn tire bounds of 
to minimum and maximum supports. The memberchip functions can overlap, which atiows a 
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distributions are combined together to form a design vector. In the iuustrated example, n- 19. 

Next dredeve.opntenttooiofthepresentinvendon.opdrrdzesthedesignvector.omereby 

. nmetheUexperisyatem. t^^^*-*--*^"* 
conations artd the design vector. When the error is reduced below a destred level, me fczzy 

Fuzzy Logic Controllers," IEEE Transactions on System, Man and Cybernetics - Par, B; 

Vol. 29, No. 4, ,999, p. 565-569, and Stanley E. WoCard and Devendra P. Garg, A 
„ Nronerieal Optimization Approach for Tuning Fuzzy Logic Controllers, Third Joint ^ >n ^^ ^ 

hereby incorporated by reference. 

Referring now to F1C. 7, a flowchart of the tunlngprocess ts floated, tin,* a tozy 
inference algorithm at Mock 200 is configured wilh the user-supplied antecedents (e.g., the A s, B s 
20 andCslandthedevelopmcnttoofsdesignvectorofa', The fuzzy inference algorttiun so- 

eonsejnees and the tea, consciences are numerical errors that are evaluated a. block H*. 
J. However, if the errors are unacceptable, me design vector is changed at block 208 ustng 
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vatacs, can be eva,ua.ed in the tuning process a, step 210 using .he user-supplted .imi.s on the 
numerical values associated win. each hnguistic variable. The resulting (updated) des,*, vector ,s 
nsed to reconfigure the fuzzy inference algorithm a. bio* 200 as the iterative process starts anew. 

Theadvantagesofurepreseminventionarenumerons. The archive descrrbed here* 
provides a fiameworic for tributary analysis. Each operations, level is capable of perfornung 
au_ analysis with a trained expert system. The expert system is parameterize, whrch 
makes it adaptable to be trained ,o bom a user, subjective reasoning and existing quantitative 
analytic too,s. All measurements a, the ,owes. operations, level are reduced to provtde ana,ysts 
results necessary to gauge changes from estabushed baselines. These ch^ges are then eo„ec,ed a 
te next ,eve, to identify any globa, trends or common featiares from the prior level. Thrs process 
repeated until the results are reduced a. the nicest operational ,eve.. Ln the fiameworit, only 
analysisresuUs are forwarded to thenex, level ,o reduce teiemetry congestion. Addttionany the 
invention can be retrofitted into existing systems ustng a suitable housing and mounting hardware 
with ••boU-on/bol.-ofr simplicity. Further discussion of the present invention is provrded m 
Woodani et a,., Development and FUgh, Testing of an Adaptable Vehicle Health-Momtonng 
Architectuae, NASAmV-2003-2,2,39, Jatuary 2003, pp. 34, and Woodard et al„ Development 
and Flight Testing of an Adaptable Vehicle Health-Monitoring Architecture, MAA Journal of 
Aircraft, Vol. 40, No. 5, both of which are hereby incorporated by reference. 

Although the invention has been described relative to a specific embodiment thereof, there 

m of the above teaehrngs. For example, many or all of the elements and operational features of 

obvious beneflls of such a construction urclude reduced size, mass and power requirements flexrb.e 
external interface connections, *rd sinrplilred —hardware integration. It is 
; understood that, wtthin fire scope of tire appended dairns, the mvention may be practiced other than 

"TZZZ. newanddesnedtobesecuaedbyUttersPatentoflheUmtedStatesis.. 
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